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Finite element analysis was performed on an implanted femur, using loads of 
daily living activities, performed by total hip replacement patients. A probabilistic bone 
fatigue failure model was utilized to analyze the risk of post-operative femoral fracture in 
different patient groups, depending on bone fatigue strength for young and elderly 
patients, and activity levels for normal and active patients. Different bone-implant 
interface conditions were considered: after surgery, osseointegrated, fibrous tissue 
covering, and loose. For young patients, the probability of failure is less than 4% for all 
cases. While in elderly patients, high of 28.2% and 57.9% are reported for normal and 
active groups respectively. For both age groups and activity levels, loose stems had the 
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Total hip replacement (THR) is one of the most popular joint replacement 
surgeries performed in the United States. In 2010, over 300,000 THR procedures were 
performed in the United States, and a projected increase to 500,000 procedures by 2020 
accentuates its increasing popularity [1]. The replacement of the hip joint with an 
artificial replacement, or hip implant, is the most effective method to restore hip joint 
mobility to patients crippled by arthritis [2], fracture of the femoral neck through trauma 
[3], or other ailments, such as osteonecrosis [4]. 
The average life of a hip implant is between 15 and 20 years [5].  However 
statistical data shows that about 10% of all hip replacement procedures will have to be 
revised before their expected life due to failure [6]. Revision is usually as a result of 
mechanical loosening of the fixation between the bone and the implant (aseptic 
loosening), dislocation of the ball and socket joint, fracture of the femur (post-operative 




Figure 1.1 Reasons for hip implant revision. Data from [7] 
In both the Mayo clinic and Swedish registry studies, 94% and 70% of patients, 
respectively had a loose stem prior to fracture [9], [10]. This points out that the interface 
condition is relevant to the fracture risk in THR. Breakage of the implant is less common, 
typically occurring during a traumatic fall or an auto collision accident [8]. Joint pain 
impeding mobility is a common indication of failure [7]. As the number of patients with 
total hip implants increases so does the prevalence of femoral fractures [11]. Also, as the 
average life expectancy increases, there are now more elderly THR patients than before.  
Elderly patients are at higher risk of fracture because of poor bone quality as a result of 
osteoporosis or bone loss as a result of stress shielding, reduced stress on the bone from 
implantation [10]. Young THR patients are also at risk of high-energy fracture due to 
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their active lifestyle, imposing high loads on the hip joint [10]. Spontaneous fractures 
during daily activities of normal living are disturbing because these activities, for the 
most part, cannot the prevented as they are needed for a normal and comfortable lifestyle.  
Generally, the loads on the femur from these activities are safe in healthy femurs. 
In the event of failure of THR, a revision surgery is required.  The revision 
procedure is more complicated than the primary procedure because of bone ingrowth into 
the porous surface (cementless THR) or into the bone cement (cemented THR), making 
the removal and clean up difficult. Revision surgery due to femoral fracture presents 
severe complications due to its complexity and often requires the skills of a trauma 
surgeon alongside that of a revision surgeon as the problem of fracture, bone loss, and 
aseptic loosening might need to be solved during a single procedure [10], [12]. As a 
result of bone loss that may have occurred over time, available healthy bone stock is 
limited for fixation of the new implant, resulting in decreased success rate of revision 
surgery compared to the primary procedure [13].  
 In the current study, finite element analysis (FEA) was used to evaluate the stress 
distributions in a hip implanted femur considering a static loading condition, using loads 
of daily living activities, performed by total hip replacement patients. A probabilistic 
bone fatigue failure model was utilized to analysis the risk of post-operative femoral 
fracture in different patient groups, depending on bone fatigue strength for young and 
elderly patients, and activity levels for normal and active patients. Different bone-implant 
interface conditions were considered: after surgery, osseointegrated, fibrous tissue 




1.2.1 The Femur Bone 
The femur is the only bone located in the thigh and is the longest and strongest 
bone in the body. Figure 1.2 shows a labeled cross-sectional view of the femur. The head 
of the femur articulates with the acetabulum in the pelvic bone forming the hip joint, 
while the distal part of the femur articulates with the tibia and kneecap forming the knee 
joint.  The femur is composed of a dense outer layer of bone, called the cortical bone, that 
forms a protective layer around the internal cavity.  The interior ends of the femur consist 
of cancellous bone, a meshwork of spongy tissue (trabeculae) of mature adult bone.  The 
cortical bone is imperative to body structure and weight bearing because of its high 
resistance to bending and torsion.  The mechanical behavior of cortical bone and 




Figure 1.2 Labeled femur. Modified from [14]. 
1.2.2 The Hip Joint 
The hip joint is a complex ball-and-socket synovial joint, where the femoral head 
is the ball and the acetabulum of the pelvis is the socket, as shown in Figure 1.3. The 
ball-and-socket configuration allows for the performance of dynamic activities such as 
walking, running, stair climbing/descending etc., as it permits for rotation in all degree of 
freedom. The hip joint is a major structure within the human body, supporting most of the 
upper body weight. Experimental studies have found that the resultant force acting 
through the hip joint during normal walking is around 260% of body weight [15].  Under 
higher impact loading conditions, such as during jogging, these loads can increase to up 




Figure 1.3 Configuration of a normal hip joint [16]. 
The femur is connected to the pelvis at the hip joint. It is the heaviest and longest 
bone in the human body, it is made up of a proximal end, a shaft, and a distal end. The 
femur is loaded by the body weight at the head and by forces from muscles that are 
attached to it [17]. These muscles help with stability and performance of dynamic 
activities. At the macroscopic scale, the femur consists of a dense cortical or compact 
bone outer layer and a porous cancellous or trabecular bone at the proximal and distal 
interior. In total hip replacement, the femur serves as an anchoring bed for the femoral 
component of the implant.  
1.2.3 Total Hip Replacement 
THR has proven to be a successful surgical technique for restoring the 
functionality and mobility of the hip joint, enhancing the quality of life for patients. In 
THR, the deteriorated femoral head, along with the neck region, is removed from the 
femur, a cavity is prepared in the femur, and a implant is introduced into the cavity. The 
THR implant is made up of the acetabular component which replaces the acetabulum and 
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a femoral component which replaces the femoral head. The acetabular region is also 
prepared and fitted with an acetabular cup. The acetabular cup and the stem form a new 
ball and socket joint, fully restoring the hip joint functionality after recovery (Figure 1.4).   
 
Figure 1.4 Total Hip Replacement (a) diseased hip joint (b) replaced hip joint. Image 
modified from [18]. 
1.2.4 Femoral Fracture 
Fracture of the femoral bone around hip implants after implantation is undesirable 
because it is disabling, costly to fix, and in several cases morbid [19].  As shown in 
Figure 1.5  the Vancouver classification provides a method to group femoral fractures 
based on the location of the fracture, the stability of the implant, and the quality of the 
surrounding bone stock. Figure 1.6 shows radiographs of some clinically observed 
femoral fractures. Type A fractures are rare and can be fixed with non-operative 
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treatment options. Type B fractures make up about 80% all cases. Type B and Type C are 
more complex fractures and are fixed using surgical techniques [20].  
 
Figure 1.5 Vancouver classification of femoral fractures after THR [21]. 
Type A: Located in the trochanteric region (G = greater trochanter, L = lesser 
trochanter). 
Type B: Located around the stem (1 = implant well fixed, 2 = implant loose but good. 
bone stock, 3 = poor surrounding bone stock). 




Figure 1.6 Radiographs of femoral fractures (a) Type AL [20] (b) Type B3 [22] (c) 
Type B3 [23] (d) Type C [12]. 
The most frequent cause of fracture was a fall from sitting or standing levels, 
accounting for 75% of fractures in the primary THR group and 56% in the revised THR 
group [10]. Spontaneous fractures from performing normal daily activities have been 
reported at levels of 18% in the primary group and at 37% in the revised group [10]. 
Major trauma incidence was at 7% in both groups [10]. 
The absolute prevalence of femoral fracture is difficult to estimate because of the 
heterogeneous nature of the patient populations reported in the literature. The prevalence 
is dependent on patient age demographics, the number revision surgeries, cemented or 
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cementless implantation fixation, etc. Although the revision rate is higher in elderly 
patients, the concern with younger patients is that, due to their active lifestyle, they 
impose higher loads on the implant. This might increase the risk of mechanical failure of 
the implant. Also, younger patients require an implant for a longer duration of their 
lifetime than traditional elderly patients. With the projected increasing number of 
younger patients requiring THR, the revision rate is also expected to increase [24]. There 
is a decreased success rate of revision surgery compared to the primary procedure.  The 
mean time interval from primary THR to fracture was 7.4 years as compared to 3.9 years 
from revision surgery to fracture. Additionally, the time interval to fracture decreases 
with the number of revisions, i.e. for 2 revisions, the time is 3.8 years as compared to 2.3 
years for 3 or more revisions. Reports suggest that femoral fracture after primary and 
revision THR are 1-2.3% and 1.5-7.8%, respectively [10], [12], [25]–[28]. The revision-
free 10-year survival of uncemented and cemented THR were reported as 85% and 94%, 
respectively [6].  
1.3 Objective of Thesis 
The objectives of this thesis are 
 To use FEA to study the influence of bone-implant interface condition 
and loads of various activities on stress distribution in the femur. 
 To investigate the effect of bone-implant interface condition and activity 
level on the probability of fracture in young and in elderly patients with 
different bone fatigue strength. 
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1.4 Organization of Thesis 
Chapter 1 introduces the problem of femoral fracture after THR, provides relevant 
background information, and outlines the objectives of the study. Chapter 2 reviews 
published literature on hip implantation, etc. Chapter 3 presents the material used for the 
study and analysis methods used in the investigation. Chapter 4 gives the results of the 
study. Discussion of the results is presented in Chapter 5. Finally, chapter 6 contains the 






2.1 Implant Fixation Technique 
THR surgery can be performed using either the cemented or cementless implant 
fixation technique, as shown in Figure 2.1.  
 
Figure 2.1 THR fixation techniques (a) Cemented Technique (b) Cementless 
Technique [29]. 
2.1.2 Cemented Fixation Technique 
Cemented fixation of implants was popularized by Sir John Charnley in the 1950s 
[30].  As shown in Figure 2.1a cemented implants use a bone cement, such as 
polymethylmethacrylate (PMMA), to grout the implant and the bone together. The bone 
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cement is formed by mixing two components: a liquid methyl methacrylate monomer and 
a Polymethyl methacrylate/co-polymer powder. When the two components are mixed, a 
polymerization reaction takes place, producing bone cement in a dough state [31]. The 
dough is placed in the prepared bone cavity. Upon insertion of the implant, it penetrates 
the pores of the cancellous bone and after hardening interlocks with the bone, securing 
the implant in place. Some advantages of the cemented fixation technique include 
excellent initial stability of the interface, higher tolerance in the preparation of the bone 
cavity due to cement filling any gaps, better load transfers to the femur due to flexibility 
of the cement which reduces stress shielding [27]. Some disadvantages of cemented 
fixation are susceptibility to fatigue failure due to porosity in the cement, decreased 
strength of cement in tension, bending, and torsional loading, potential allergic reaction 
to certain constituents of bone cement, debris from bone cement may cause chronic 
inflammation, and osteolysis (a pathological destruction of bone tissue) may occur at the 
cement-bone interface, resulting in implant loosening [28]. 
2.1.3 Cementless Fixation Technique 
In cementless implants the primary fixation is achieved by press-fitting the 
implant into an under-reamed bone cavity, where the porous coating over the implant 
provides a frictional interlock, as shown in Figure 2.1b.  The ingrowth of bone into the 
porous surface of the implant (osseointegration) over time, typically 18 weeks to up to 1 
year, provides a secondary long-term biological fixation [32].  An advantage of the 
cementless fixation technique is elimination of all the complications plaguing cemented 
implants, mentioned in Section 2.1.2. Because of this reason, cementless implants are 
becoming more prevalent than their cemented counterparts, and this thesis will focus on 
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cementless implants only.  However, there are some disadvantages of cementless 
fixation, such as prevalence of stress shielding due to the absence of the flexible bone 
cement layer to aid in load transfer and formation of fibrous tissue at the interface if 
excessive relative movement between the implant and bone occur, weakening the 
secondary fixation [27]. 
2.2 Cementless Implants 
As shown in Figure 2.2, the cementless THR implant is made up of the acetabular 
component which replaces the acetabulum and a femoral component which replaces the 
femoral head. Both components have porous surfaces to allow for fixation through bone 
ingrowth. A polyethylene bearing surface is the most popular bearing type, other bearing 
surfaces include ceramic on ceramic and metal on metal for reduced wear rate [33]. 
Cobalt-chromium-molybdenum alloys and titanium-aluminum-vanadium alloys are the 
most commonly used materials for implant design [34]. The geometry of the implant 
stem varies between manufacturers. The stem can also be subdivided into proximally 
coated stems (one-third to half of the stem) or fully coated stems. The pore size of the 
coating is important to the bone-ingrowth process. The pores should not be so small as to 
hinder bone-ingrowth. Pores ranging between 50  to 400 μm are favorable [35].  As a 
supplement or replacement to the porous coating, the implant surface may also be coated 
with Hydroxyapatite, a calcium phosphate similar to human hard tissues in morphology 
and composition. This may facilitate bone ingrowth onto the implant surface [36]. Figure 




Figure 2.2 Exploded view of a cementless THR implant [37]. 
 
Figure 2.3 Schematic drawings illustrating the classification of the cementless femoral 
stem designs [38]. 
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2.3 Bone Adaptation After THR 
Over time changes occur in both the structure of the whole bone and the interface 
between the bone and implant after THR. 
2.3.1 Whole Bone Adaptation 
Bone is a metabolically active organ that continuously undergoes remodeling 
throughout life [39]. Under normal conditions of bone remodeling, no overall changes 
would be observable due to the balance in resorption and formation of bone tissue. Wolff 
observed that bone tissue are self-optimizing structure that adapts to external load 
conditions [40]. Changes in physiological load on the bone can lead to either atrophy, 
loss of bone density, or hypertrophy, increase in bone density. The performance of daily 
activities after implantation results in deviation of stress distribution in the femur 
compared to its physiological state. The bone in the proximal region of the femur does 
not deform as much as they use to because of the high stiffness of the metal implant. The 
reduction in deformation can be related to a reduction in stress in the bone which is 
frequently addressed in the literature as stress shielding [41]. The diaphysis region below 
the tip of the implant sees an increase in stress because of increased deformation. As a 
direct consequence of bone adaptive nature, density loss occurs in the stress shielded 
proximal region and the diaphysis sees an increase in bone density as observed clinically 
in radiographic studies shown in Figure 2.4 [42]. It is important to note that the reduction 
in the bone density weakens the bone matrix resulting in aseptic loosening (loss of 




Figure 2.4 Radiographs of implanted femur (A) After operation, (B) 2 years after 
operation, and (C) 18 years after operation [42]. 
2.3.2 Bone-Implant Interface Adaptation 
The bone-implant interface also undergoes adaptation over time. One to four days 
after the operation, most patients can go home [43]. At home, they gradually begin 
performing activities. As a result, the implant moves relative to the bone at the interface. 
This movement is typically called interface micromotion in the literature. It can be used 
to assess the quality of the primary stability of the implant. Large micromotion disrupts 
bone ingrowth around the implant and could result in the formation of a fibrous tissue 
layer at the bone-implant interface [44]. Pilliar et al. [44] observed in dogs that 
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micromotion less than 28 μm allowed for bone ingrowth, while micromotion above 150 
μm can result in attachment by mature connective tissue ingrowth. In a review of dental 
implants in animals, Szmukler-Moncler et al. [45] observed a threshold micromotion 
value between 50 and 150 um.  In a retrieval study of cementless femoral components, 
Engh et al. [46] observed that micromotions less than 40 um had resulted in bone 
ingrowth while micromotion of 150 um caused the formation of a fibrous tissue layer at 
the stem-bone interface. From these studies, it can be summarized that micromotion less 
than 50 um is favorable for bone ingrowth, while micromotion greater than 150 is 
disruptive to bone ingrowth. In retrieved THR femurs, Sychterz et al [47] noticed that 
bone ingrowth occurred only on about 25%-43% of the implant porous surface. 
2.3.3 Mechanical Behavior of Cortical Bone 
The mechanical behavior of cortical bone is complex. In general, it behaves in a 
linear elastic manner until its yield point, further loading results in failure at low strain (< 
3%). As shown in Figure 2.5a, its yield and ultimate tensile stress are higher in uniaxial 
compression than in tension, but the reverse is true for the ultimate strain. Bone is 
anisotropic in nature; the elastic modulus and strength vary depending on the direction of 
loading. Cortical bone is stronger, stiffer, and more flexible along the longitudinal axis 
compared to the transverse axis because it is naturally designed to carry high vertical 
loads during daily activities. Figure 2.5b illustrate the anisotropic nature of cortical bone. 
From the figure, the Young’s modulus and strength of bone increases with decrease in 
inclination angle of test samples, with reference to the longitudinal axis. The stress-strain 
response of bone is also dependent on strain rate as shown in Figure 2.6. In general, the 
elastic modulus and ultimate stress increase with an increase in strain rate, while ultimate 
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strain decreases. Finally, age has been reported to decrease the mechanical properties of 
bone, tensile ultimate shows a decrease of around 2% per decade [48]. No significant 
difference in mechanical properties was found between male and female specimens [48]. 
 
Figure 2.5 Stress-strain curves of cortical bone (a) Compression between uniaxial 
compression and tensile test of bone specimen [49] (b) Anisotropic 




Figure 2.6 Compressive stress-strain curves for human femoral cortical bone as a 
function of strain rate [51]. 
2.3.4 Mechanical Behavior of Cancellous Bone 
The high porosity of cancellous bone makes it a good energy absorber, 
withstanding large strains of about 5-10% before yielding and about 50-60% ultimate 
strain depending on porosity level [52] (Figure 2.7). The behavior is characterized by 
linear elastic behavior until yield point and extensive inelastic deformation afterward. 
Figure 2.8 and Figure 2.9 illustrates the deformation behavior for compressive and tensile 
test of cancellous bone specimen respectively. Under compression (Figure 2.8), the 
deformation can be divided into three stages. For stage I, an initial linear elastic increase 
occurs followed by nonlinear hardening until the yield strength is reached. A subsequent 
softening occurs, like in quasi-brittle materials. Slight hardening or plateau stress-strain 
curve emerge at stage II of the deformation, advancing well into the large inelastic strain 
regime. With further compression (Stage III), the porous structure begins to compact and 
densification occurs. Leading to abrupt hardening as shown by the increasing steep 
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branch of the stress-strain curve. For uniaxial tension (Figure 2.9), the stress-strain curve 
shows an initial linear elastic increase, followed by nonlinear hardening until the 
maximum stress is reached. Then, softening occurs until failure. 
Although dependent on porosity level and measurement technique, the elastic properties 
and strength of cancellous bone are generally lower than compact bone. The elastic 
modulus for cancellous bone could range from 304 - 3534 MPa, and shear modulus is 
between 108 - 660 MPa [53]. Femoral bone cancellous samples display Poisson’s ratio of 
about 0.3 [54]. Just like cortical bone, cancellous bone also displays anisotropy in 
mechanical properties. 
 




Figure 2.8 Schematic of stress-strain curve for cancellous bone showing stages of 




Figure 2.9 Schematic of stress-strain curve for cancellous bone showing stages of 
deformation under uniaxial tension [55]. 
2.4 Composite Femur 
Due to the differing geometry/size and differing mechanical properties throughout 
the femur, the mechanical behavior of the femur is quite complex. To provide a 
standardized femur for research purposes, Sawbones® (Mod. 3306, Pacific Research 
Laboratory, Inc., Vashon Island, WA, USA) created a composite femur that replicates the 
behavior of the human femur. The composite femur is made up of two sections, a cortical 
section made of short fiber filled epoxy (E = 16.7 GPa) and a cancellous section made of 
rigid polyurethane foam (E = 0.155 GPa) [56].  As shown in Table 2.1, studies have 
shown that the composite femurs replicate near physiological values for flexural rigidity, 
axial stiffness, and torsional rigidity making them an adequate substitute to cadaveric 
specimens for biomechanics studies.  
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Table 2.1 Structural properties of natural human femur and medium 4th generation 













Natural 317 (23%) 290 (42%) 2.48 (25%) 4.41 (37%) 
4th gen. 241 (4.5%) 273 (5.8%) 1.86 (7.5%) 3.21(2.6%) 
AT = anterior surface in tension; LT = lateral surface in tension 
2.5 Forces Acting on the Femur 
The femur is loaded by the body weight at the head and by over 22 muscles that 
are attached to it. These muscles help with stability and performance of activities. The 
magnitude and direction of the forces vary from each muscle as well as with activity. 
With the use of instrumented implants, Bergmann et al. [58] measured in vivo the 
hip contact forces in four THR patients during the most frequent activates of daily living 
(average peak loads is summarized in Figure 2.10). The average of the individual data set 
provided input for Heller et al. [59] musculoskeletal model to calculate the muscle forces 
for walking and stair climbing. And finally, a simplified musculoskeletal model by Heller 
et al. [60] further reduced the overall muscles needed to simulate physiological loading 
conditions during walking and stair climbing at the instance of maximum hip contact 
force (Figure 2.11). The focus on walking and stair climbing loads is because walking is 
the most frequent dynamic activity undertaken by THR patients [61], and is useful in the 
study of bone remodeling. Stair climbing is the most detrimental activity to the fixation 
of the implant as it produces large torsional loads and it’s used in the study of the stability 
of the implant. The number of cycles per year for various activities was reported by [62] 




Figure 2.10 Average peak loads for hip contact resultant contact forces for walking, 
going down stairs, going up stairs, sitting down, standing up, standing on 1 




Figure 2.11 Muscle forces at the instance of maximum hip contact force (in % of 
bodyweight) and their location of attachment on the femur for walking and 
stair climbing. [60]. 
Table 2.2 Number of cycles per year for various activities. Normal and Active patient 
activity levels [62]. 
  Normal Patients Active Patients 
Activity Cycles per year (1000) Cycles per year (1000) 
Walking 1369.3 2553.4 
Going up stairs 41.4 140.2 
Going down stairs 41.4 140.2 
Standing up 20.1 64.6 
Sitting down 20.1 64.6 




2.6 Finite Element Studies on THR 
Numerous Finite Element Analysis (FEA) studies have been published on the 
THR system. The focus of the investigations can be categorized into three areas: 
understanding stress shielding and bone remodeling, studying interfacial failure and 
micromotion, and studies on the combined effects of bone remodeling and interfacial 
phenomenon. 
2.6.1 Stress Shielding and Bone Remodeling 
With the understanding that THR changes the physiological stress patterns in the 
femur and that bone will undergo remodeling to adapt the bone mass to the new 
functional requirements, numerical algorithms in conjunction with FEA have been used 
to predict the adaptive changes that may occur after implantation. Using a simplified two-
dimensional axisymmetric straight bone with an axisymmetric straight stem and a Strain 
Energy Density (SED) adaptive bone remodeling algorithm, Huiskes et al [63] observed 
that the flexural rigidity of the stem, which was varied by changing the diameter of the 
stem, plays an important role in the extent of stress shielding and subsequent bone 
resorption. They found that proximal bone resorption is more pronounced with larger 
diameter stems (higher flexural rigidity) compared to smaller diameter stem (lower 
flexural rigidity). A clinical study by Engh et al [64] corroborates this finding. They also 
noticed that the interface bonding characteristics affect the stress distribution in the 
femur. With a CT scanned 3D model of a proximal femur and stain-adaptive-bone-
remodeling algorithm, Huiskes et al [65] studied the effects implant material flexibility 
had on bone remodeling. They reported that lower modulus implants reduced the extent 
of bone resorption compared to stiffer implants. Clinical studies by [66] and [67] 
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corroborates these findings. They also pointed out that this comes at a cost of increased 
proximal interface stresses in flexible stems. This could cause increased implant 
loosening rates because of interface debonding and excessive micromotion, as was the 
case of the defunct low modulus implant [68]. [69] and [70] reported that the extent of 
porous coating on the implant surface affected the magnitude of load transferred to the 
femur and the stress distribution in the femur. [70] also reported that the use of a collar 
support increased the load transferred to the femur. The design ideology that reducing the 
length of the femoral component to the metaphyseal region would increase the load 
transfer to the proximal femur and reduce bone resorption was debunked by [71]. In their 
study of stem length and proximal fixation, they reported that reducing stem length did 
not reduce stress shielding and had no significant effect on interface failure. Bougherara 
et al [72] designed biomimetic polymer-composite hip implant to obtain stiffness close to 
that of bone in order to reduce stress shielding. Oshkour et al [73] Investigated the use of 
longitudinal and radial functionally graded femoral implant to minimize stress shielding. 
2.6.2 Interfacial Studies 
Studies of the bone-implant interface can be divided into interface failure risk 
studies which entail the use of Hoffman criterion [74], equation (2.1) and micromotion 
studies to assess the primary stability of the implant. Examination of the interface is 
necessary because usually, solutions to stress shielding result in unfavorable interface 
conditions, creating a design conflict [75]. 
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The Hoffman criterion is used to access the long-term local interfacial failure risk. 
It is used to identify locations where local debonding might occur along the bone-implant 
















where 𝑆𝑡 and 𝑆𝑐 are the uniaxial tensile and compressive strengths, respectively, 𝑆𝑠 is the 
shear strength, and 𝜎𝑛 and 𝜏 are normal and shear stress at the bone-implant interface, 
respectively. For 𝑓(𝜎) ≫ 1 the failure is expected, while for  𝑓(𝜎) ≪ 1 the probability of 
failure is low. [76], [77] proposed that the use of non-homogenous distribution of implant 
material elastic modulus would provide a means to minimize interfacial failure and stress 
shielding simultaneously. [78], [79] designed functionally graded cellular hip implants to 
minimize interfacial failure and stress shielding, 2D and 3D studies, respectively. Chanda  
et al [80] proposed a shape and geometry optimization of hip implants considering 
interface failure and bone resorption simultaneously. 
As discussed earlier (section 2.3.2), micromotion less than 50um is conducive for 
osseointegration, while micromotion greater than 150 um disrupts osseointegration. 
Using FEA, micromotion can be calculated as the relative displacement between the 
initial and final displacement of the nodes at the bone-implant interface in response to a 
load. Viceconti et al. [81] were among the first researchers to point out that FEA could be 
used in calculating the micromotion at the bone-implant interface. Their results compared 
favorably with experimental results. Pancanti et al [82] studied the variability of 
micromotion between activities and subjects. Reimeringer et al [83] reported that the 
femoral stem design, as well as length,  influences the primary stability. In general, for 
 
30 
the same stem design, decreasing the stem length increased the micromotion at the 
interface [83]. Kadir and Kamsah [84] observed that decrease in bone quality as a result 
of skeletal diseases affects the primary stability of implants. Patients with osteoporotic 
condition show higher micromotion and reduced surface area feasible for bone ingrowth 
compared to patients with no skeletal diseases [84]. Same was observed by [85]–[87], 
both the reduction of the modulus of cortical and cancellous bone caused an increase in 
the initial micromotion and interface bone strain. [56], [88], [89] reported that gaps in the 
proximal region had the greatest effect on the magnitude of micromotion on the bone-
implant interface, an increase in the proximal gap surface area resulted in increased 
micromotion. Viceconti et al [90] reported that the presence of a fibrous tissue layer at 
the bone-implant interface could significantly increase the micromotion, compromising 
the stability of the implant. [83], [91–97] studied the influence of different implant design 
parameters on micromotion. Tarala et al [98] proposed an optimization scheme for 
implant design, to minimize bone resorption and promote osseointegration by minimizing 
micromotion. 
2.7 Current Knowledge Gap 
Extensive research has been performed on THR, mainly in understanding the 
phenomenon of stress shielding, its relationship to bone resorption, and finding ways to 
prevent or minimize it. On the bone-implant interface end, extensive work has also been 
done to understand aseptic loosening either from debonding or lack of primary stability 
due to excessive micromotion. The risk associated with Post-operative femoral fracture in 
THR patients from the performance of daily activities have not been examined in the 
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literature. To this end, it is the aim of this thesis to study the probability of spontaneous 
femoral fracture in THR patients due to the performance of daily activities. In both the 
Mayo clinic and Swedish registry studies, 94% and 70% of patients respectively had a 
loose stem prior to fracture [9], [10]. This points out that the interface condition is 
relevant to the fracture risk in THR. Therefore the risk associated with different bone-
implant interface conditions will also be studied. Finally, bone quality effect on the 






In the current study, we use finite element analysis to study the femoral fracture 
risk in a cementless bone implant subjected to various interface conditions during the 
performance of normal daily activities. 
3.1 Finite Element Analysis 
A 3D model of the implant was developed in SolidWorks [99]. The implant was a 
cylindrical type, the geometry was taken from [100]. For the femur, a previously 
validated 3D CAD model of a third generation synthetic composite femur [101] was used 
[102]–[104]. The profile and dimensions of the implant are shown in Figure 3.1. The 









Figure 3.2 CAD models of the (a) implant and (b) femur 
The CAD models of the implant and femur were imported into ABAQUS 6.14 
[105] where a virtual arthroplasty and subsequent FEA was performed. The implant was 
placed inside the femur with a shaft and anteversion angles that corresponded to the 
composite femur geometry, as shown in Figure 3.3. The implant was only in contact with 
the cancellous bone of the femur, and contact interface conditions were defined as 
needed. Four common bone-implant interface conditions for cementless implants were 
considered: after surgery, after osseointegration, fibrous tissue encapsulation, and loose 
stem. The after surgery interface condition was assumed as a period before 
osseointegrated begins. During this time, the implant is in contact with bone and can be 
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modeled with a 0.5 coefficient of friction [81]. When osseointegration occurs, slippage of 
the implant is negligible as the ingrown bone securely hold the implant in place. For this 
condition, an infinite coefficient of friction was used, this allowed for a no-slip condition 
at the bone-implant interface. The fibrous tissue interface condition was modeled with a 
0.05 coefficient of friction, assuming the worst case of fibrous tissue encapsulation of the 
implant [90]. For the loose stem, a traction free interface was assumed. This allowed only 
compressive stresses, normal to the surface, to be transferred through the interface. A 
frictionless interface condition was used in this case. Gap elements were not used because 
[106] reported that the use of gap elements reduced the precision of analysis compared 
with automatic contact. All contact condition definition is presented in Table 3.1 below.  
Table 3.1 Bone-implant interface contact conditions 
Interface Condition Coefficient of friction Contact type 
After surgery 0.5 Slippage is allowed 
Osseointegration infinite No slippage allowed 
Fibrous tissue encapsulation 0.05 Slippage is allowed 
Loosening of stem 0 Traction free 
 
The assembly was meshed with 188,873, 10-noded, tetrahedral elements with 
quadratic displacement functions (C3D10), following a mesh convergence study (Figure 
A.1). The average global size of the elements was 3mm, in agreement with Helgason et 
al. [107] who suggested that the use of a 3.3 mm average element size should sufficiently 
capture the stress distribution in the femur.  
The material properties were defined to match the material properties of an actual 
human femur [57].   The composite femur consisted of two sections, a cortical section 
made of short fiber filled epoxy (E = 16.7 GPa) and a cancellous section made of rigid 
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polyurethane foam (E = 0.155 GPa). The implant is made of titanium (E = 110 GPa). 
Poison ratio is 0.3 for all materials [56].   
To consider the effects of various normal activities on the implanted femur, 
estimated loads from walking, stair climbing, stair descending, standing up, sitting down, 
and standing on 1 leg were simulated using FEA.  Muscle forces and hip contact forces 
were modeled for the walking and stair climbing conditions. For the other activities, due 
to lack of muscle force data, only the hip contact force was included in the model. Table 
3.2 summarizes the forces and points of action on the femur for the different activities 
simulated in this study. The hip contact force acts at point P0 and the muscle forces act at 
points P1, P2, and P3, as shown in Figure 3.3.  The modeled assembly was constrained 
following the physiologically-based constraints suggested by [108].  Point P0, located at 
the top of the hip implant, is constrained in two DOFs so that it can only deflect along the 
axis towards the knee center, point P5. A node at point P5 is fixed in three translational 
degrees of freedom to allow only rotational motion at this point. The “Y” translation at 
the lateral epicondyle, point P4, is fixed to prevent anterior-posterior motion.  Figure 3.3 
also includes the locations of the points of constraint. 
Table 3.2 Loads used for the FEA. Walking and stair climbing from [60]; Stair 
descending, standing up, sitting down, and standing on 1 leg, from [62]. 
Force(N) x y z Acts at point 
Walking 
Hip contact -451.4 -274.2 -1916.1 P0 
Abductor 484.9 35.9 723.1 P1 
Tensor fascia latae, proximal part 60.2 97.0 110.4 P1 
Tensor fascia latae, distal part -4.2 -5.9 -158.8 P1 





Hip contact -495.7 -506.6 -1975.5 P0 
Abductor 586.0 240.8 709.8 P1 
Ilio-tibial tract, proximal part 87.8 25.1 107.0 P1 
Ilio-tibial tract, distal part -4.2 -6.7 -140.4 P1 
Tensor fascia latae, proximal part 25.9 41.0 24.2 P1 
Tensor fascia latae, distal part -1.7 -2.5 -54.3 P1 
Vastus lateralis -18.4 187.3 -1129.4 P2 
Vastus Medialis -73.6 331.1 -2233.0 P3 
  
Stair Descending 
Hip contact  -412.1 -325.2 -2166.9 P0 
  
Standing up 
Hip contact 468.2 117.0 -1600.9 P0 
  
Sitting down 
Hip contact -360.3 5.9 -1287.4 P0 
  
Standing on 1 leg 




   
Figure 3.3 Implanted femur assembly showing mesh, points of load application, and 
points of constraints. 
3.2 Failure Analysis 
It was assumed that the stresses imposed on the femur due to the loads from the 
daily activities were below the ultimate stress of the bone. Just like any engineering 
material, stress fracture in bone is similar to a fatigue failure, where failure occurs at 
stress levels that are well below the material ultimate or yield strength.  However, if the 
loading is repetitive, over time it could cause failure, which is assumed to be the case 
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with femoral fractures. Therefore, a probabilistic bone fatigue model [109] was used to 
analyze the fracture risk for the different loading conditions caused by various activities 
for the four primary interface conditions of the femur implant:  in after surgery, 
osseointegrated, fibrous tissue covering, and loose stem.  This model was developed to 
study stress fracture in bone by Taylor et al. in the series of papers [109]–[112] and was 
used to study stress fracture in the tibia [113], [114] and second metatarsal bone [109]. 
The summary of the model is briefly described herein. 
The fatigue life of bone, like traditional engineering materials, can be described 
with a stress-life plot (S-N curve). The number of cycles to failure 𝑁𝑓 can be related to 
the applied stress amplitude 𝛥𝜎 is by a standard fatigue equation: 
 𝑁𝑓 = 𝐶𝛥𝜎
−𝑛 (2.2) 
where 𝐶 and 𝑛 are empirically determined constants. For cortical bone, previous studies 
have shown that  𝑛 = 6.6 [109].  Variability in  𝑁𝑓 at a given 𝛥𝜎 exist in fatigue analysis 
due to intrinsic differences between experiment samples. This variability can be dealt 
with using a Weibull equation: 






where 𝑃𝑓 is the cumulative probability that the material will fail at the stress range 𝛥𝜎. 
𝛥𝜎𝑟𝑒𝑓 is the reference stress range which is a measure of the material’s fatigue strength 
and corresponds to the stress at which the probability for failure is 0.63. The Weibull 
modulus 𝑚 expresses the degree of scatter in fatigue data. Both 𝛥𝜎𝑟𝑒𝑓 and 𝑚 are 
experimentally derived constants.  The experimentally obtained fatigue strength is 
dependent on the volume of the specimen tested. Smaller specimens contain fewer weak 
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points and therefore are generally stronger than larger specimen. This is a problem with 
applying experimental fatigue data to whole bone, since tests are normally performed on 
small volume specimens. To resolve this discrepancy, Taylor [111] extended the Weibull 
(2.3) to account for the effect of a “stressed volume”: 









where 𝑃𝑓 is the cumulative probability that a volume of bone 𝑉𝑠 (stressed volume) will 
fail at stress range 𝛥𝜎. In this case, 𝛥𝜎𝑟𝑒𝑓 is the reference stress range at which the 
probability for failure is 0.63 for a reference volume 𝑉𝑟𝑒𝑓. From tensile fatigue data of 
cortical bone, in elderly patients (56-year-old), 𝛥𝜎𝑟𝑒𝑓 = 59.8 𝑀𝑃𝑎 when 𝑉𝑟𝑒𝑓 = 64 𝑚𝑚
3 
for an endurance of 105 cycles to failure. For younger patients (27-year-old), 𝛥𝜎𝑟𝑒𝑓 =
86 𝑀𝑃𝑎 when 𝑉𝑟𝑒𝑓 = 96 𝑚𝑚
3for an endurance of 100,000 cycles to failure.  The 
Weibull modulus is assumed to be  𝑚 = 8 for all patients regardless of age [112]. 
Equation (2.4) gives 𝑃𝑓 at a specific 𝛥𝜎 for a fixed number of cycles. It is more 
useful to determine 𝑃𝑓 at a specific time, from zero up to time 𝑡 by replacing 𝛥𝜎 with 𝑡 
and 𝛥𝜎𝑟𝑒𝑓 with 𝑡𝑓 (days at failure) to obtain 









where 𝑡𝑓 can be calculated from 𝑁𝑓 associated with a given 𝛥𝜎 using Equation (2.2). 
Since 𝑡𝑓 is in days, 𝑁𝑓 should be divided by the number of cycles/day. Note that 𝑡𝑓 is a 








For a whole bone, 𝛥𝜎 and therefore 𝑃𝑓 is not constant throughout the entire 
volume. With the aid of the finite element method, 𝑃𝑓 can be calculated for individual 
elements, call this 𝑃𝑖. If there are a total of 𝑘 elements, then 𝑃𝑓 for the whole bone is the 
probability that any one element will fail, expressed as: 
 𝑃𝑓 = 1 − (1 − 𝑃1)(1 − 𝑃2)(1 − 𝑃3) … (1 − 𝑃𝑘). (2.6) 
It is important to note that 𝛥𝜎 will vary between activities. A concept of equivalent stress 
(𝛥𝜎𝑒𝑞) suggested by Taylor and Kuiper [112] can be used to account for variable 
amplitude loading. The equivalent stress which considers the combined effect of stresses 
due to the loading on the femur caused by various daily activities is defined as: 







where 𝑁𝑖 is the number of cycles at stress level 𝛥𝜎𝑖 for 𝑗 different activities. 𝛥𝜎𝑖 is the 
stress from the FEA for each activity. 𝑁𝑇 is the sum of the number of cycles for all 
activities per day . (2.7) assumes that the order in which the cycles are applied has no 
effect on the fatigue life. The number of cycles for each activity and patient lifestyle is 
shown in Table 3.3. 
Table 3.3 Number of cycles per day for each activity [62] 
Activity (i)  Normal Patients 









Walking 3752 6996 87 
Going up stairs 113 384 71 
Going down stairs 113 384 71 
Standing up 55 177 69 
Sitting down 55 177 69 
Standing on 1 leg 174 347 50 
Total (N
T






Unlike traditional engineering materials, bone has the ability to repair damage. 
This means damage is not continuous until failure occurs. Bone repair is incorporated 
into the model through a second Weibull equation: 






where 𝑃𝑟 is cumulative probability of bone repair from time zero to 𝑡, 𝑡𝑟 is the reference 
repair time of 26 days, and 𝑣 is the Weibull modulus chosen as 2.  
To combine the effects of the cumulative probability of failure, 𝑃𝑓, and the 
cumulative probability of repair, 𝑃𝑟, the probability density function of failure, 𝑄𝑓, is 
defined. 𝑄𝑓 is the time derivative of 𝑃𝑓 and represents the instantaneous probability of 





Bone fatigue failure is a time-dependent process that involves both fatigue and repair. 
Therefore, the instantaneous probability of failure with repair incorporated, 𝑄𝑓𝑟, is 
expressed as: 
 𝑄𝑓𝑟 = 𝑄𝑓(1 − 𝑃𝑟) (2.10) 
Accordingly, the cumulative probability of failure with repair 𝑃𝑓𝑟 is calculated by 
integrating Equation (2.10) over time,  






Von Mises stress for each activity from the FEA is used to calculate the equivalent stress 
(Equation 2.7) which is used to calculate the probability of failure (Equation 2.11). Table 
3.4 summarizes all the parameters used in the analysis. The probability of fracture of 
young and elderly patients will be compared based on experimental data of fatigue 
strength for both groups. A MATLAB script (APPENDIX A) was developed to perform 
the analysis. 
Table 3.4 Parameters used for the analysis 
 Age Group n m w v 𝑡𝑟 (days) 𝑡𝑓 (days) 𝛥𝜎𝑟𝑒𝑓 (MPa) 𝑉𝑟𝑒𝑓 (𝑚𝑚3) 
Young 

















RESULTS AND DISCUSSION 
FEA results of stress distribution in the femur for different activities (walking, 
stair climbing, stair descending, sitting down, and standing on one leg) and interface 
conditions (after surgery, osseointegrated, fibrous tissue covering, and loose stem) are 
presented thereafter. Calculated probability of femoral fracture for both young and 
elderly patients is also presented and discussed. 
4.1 Stresses on the Femur 
The von Mises stress results from the FEA of the implanted femur are presented 
in Figure 4.1 to Figure 4.6 for the four interface conditions (after surgery, 
osseointegrated, fibrous tissue covering, and loose stem) subjected to six different 
loading conditions (walking, stair climbing, stair descending, sitting down, and standing 
on one leg). The results show that as the friction at the interface decreases, the stress on 
the femur increases. This increase is more pronounced in the proximal regions of the 
femur. Table 4.2 summarizes the maximum von Mises stress on the cortical and 
cancellous bone for all activities and interface conditions simulated. The highest von 
Mises stress, 129.8 MPa, occurred for going up stairs, loose interface condition. This 
stress is below the strength of cortical bone, 157 MPa [115]. The maximum von Mises 
stress on the cancellous bone, normally occurring at the interface, was above cancellous 
bone strength of 6 MPa [116]. The highest is 63.9 MPa for going up stairs, loose interface 
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condition. Based on the location of the maximum stress on the femur, and using the 
Vancouver classification of femoral fractures after THR (Figure 1.5), after surgery 
interface condition produces both Type A and B fractures depending on the activity. 
Osseointegrated implants are likely to develop fractures around the implant stem, Type 
B1 fractures, for all activity except for walking were fracture in the trochanteric region, 
Type A fracture, is likely. And Fibrous tissue and loose interface conditions produce 
Type A fractures. Table 4.1 summarizes probable fracture types based on interface 
condition and activity. 
   
Figure 4.1 Von Mises stress contour on the femur for walking (a) after surgery (b) 





Figure 4.2 Von Mises stress contour on the femur for stair climbing (a) after surgery 
(b) osseointegrated (c) fibrous tissue covering and (d) loose interface 
conditions. 
  
Figure 4.3 Von Mises stress contour on the femur for stair descending (a) after surgery 





Figure 4.4 Von Mises stress contour on the femur for standing up (a) after surgery (b) 
osseointegrated (c) fibrous tissue covering and (d) loose interface 
conditions. 
  
Figure 4.5 Von Mises stress contour on the femur for sitting down (a) after surgery (b) 




   
Figure 4.6 Von Mises stress contour on the femur for standing on one leg (a) after 
surgery (b) osseointegrated (c) fibrous tissue covering and (d) loose 
interface conditions. 
Table 4.1 Vancouver classification of likely fracture types based on maximum von 













on 1 leg 
After surgery AG B1 B1 AL B1 B1 
Osseointegrated A B1 B1 B1 B1 B1 
Fibrous tissue  AL AL AG AL AL AL 
Loose AL AL AG AL AG AL 
 
The maximum von Mises stress on the cortical bone, after surgery and loose 
interface increased from 29.9 to 56.9 MPa, 81.2 to 129.8 MPa, 29.3 to 128.4 MPa, 70.1 to 
108.5 MPa, 17.3 to 76.1 MPa, and 26.8 to 118.4 MPa for walking, going up stairs, going 
down stairs, standing up, sitting down, and standing on one leg respectively. The trend 
holds for cancellous bone as well except for the after surgery condition in walking and 
going up stairs were a decrease in von Mises stress is seen. For the walking activity, the 
osseointegrated cancellous bone has a maximum von Mises stress of 6.7 MPa, it 
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decreases to 4.9 MPa for the after surgery case, and increases from 9.6 to 12.8 MPa for 
fibrous tissue to loose interface conditions. For going up stairs, the osseointegrated 
cancellous bone has a maximum von Mises stress of 10.1 MPa, it decreases to 9.6 MPa 
for the after surgery case, and increases from 48.8 to 63.9 MPa for fibrous tissue to loose 
interface conditions. For going down stairs, standing up, sitting down, and standing on 
one leg the maximum von Mises stress on the cancellous bone increases from 9.1 to 62.2 
MPa, 6.6 to 56.6 MPa, 5.5 to 27.7 MPa, and 8.4 to 57.8 MPa for osseointegrated, after 
surgery, fibrous tissue, and loose interface conditions respectively. Table 4.2 contains the 
maximum von Mises stress on the cortical and cancellous bone of the femur for all cases. 
Figure 4.7 shows the maximum von Mises stress in the femur for all cases. 
Table 4.2 Maximum von Mises stress on cortical and cancellous bone for all activity 
and interface conditions. 
Bone type Interface 
Condition 
Maximum von Mises (MPa) 









on 1 leg 
Cortical after surgery 29.9 81.2 29.3 70.1 17.3 26.8 
osseointegrated 29.4 80.5 29.3 20.1 17.2 26.8 
fibrous tissue  44.2 96.1 92.5 101.8 56.8 85.1 
loose 56.9 129.8 128.4 108.5 76.1 118.4 
  
Cancellous after surgery 4.9 9.6 11.1 30.1 6.5 10.2 
osseointegrated 6.7 10.1 9.1 6.6 5.5 8.4 
fibrous tissue  9.6 48.8 46.9 52.1 21.1 43.4 




Figure 4.7 Maximum stress in the femur for all activities and interface conditions (a) 
after surgery (b) osseointegrated (c) fibrous tissue (d) loose 
The aggregate effect of the stress from all activities is quantified as the equivalent 
stress using Equation 2.7. The equivalent stress takes into account the number of cycles 
for each activity and the total cycle per day as defined for normal and active patients in 
Table 3.3. Figure 4.8 and Figure 4.9 show the equivalent stress contour on the femur for 
normal and active patients and all interface conditions. After one day of activities for 
normal patients, for osseointegrated, after surgery, fibrous tissue covering, and loose 
interface conditions the maximum equivalent stress are 38.2 MPa, 38.6 MPa, 39.0 MPa, 
and 44.3 MPa respectively. For active patients, the maximum equivalent stress are 41.5 
MPa, 41.8 MPa, 42.3 MPa, 44.3 MPa for osseointegrated, after surgery, fibrous tissue 
covering, and loose interface conditions respectively.  
Using the Vancouver classification of femoral fractures after THR (Figure 1.5) 
and assuming failure starts at the critical element, Fracture around the stem, Type B1 
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fracture is likely for osseointegrated, after surgery, and fibrous tissue interface. And Type 
AL fracture, around the lesser trochanter region is likely for loose interface.  
 
Figure 4.8 Equivalent stress, aggregate effect from all activities contour on the femur 
for normal patients (a) after surgery (b) osseointegrated (c) fibrous tissue 




Figure 4.9 Equivalent stress, aggregate effect from all activities contour on the femur 
for active patients (a) after surgery (b) osseointegrated (c) fibrous tissue 
covering and (d) loose interface conditions. 
4.2 Probability of Failure 
The unique ability of bone to repair damage makes it different from traditional 
engineering materials were failure occur after a given number of cycles. Take for 
example an elderly patient with normal lifestyle (as defined by Table 3.3) and 
osseointegrated bone-implant interface condition, without repair failure would occur after 
about six hundred days of daily use (Figure 4.10a, Plot of Equation 2.6). But repair 
(Figure 4.10b, Plot of Equation 2.8) reduces the probability of failure to a maximum of 
12.8% (Figure 4.10c). The interplay of the two functions give the probability of failure 




Figure 4.10 Plot of probability functions (a) Probability of failure without repair for an 
elderly patient with normal lifestyle and osseointegrated bone-implant 
interface condition (b) Probability of repair function (c) Probability of 
failure with repair for an elderly patient with normal lifestyle and 
osseointegrated bone-implant interface condition. 
The behavior of the probability of failure function with repair (Equation 2.11) can 
be seen in Figure 4.11 and Figure 4.12. Day zero is the time the interface condition is 
achieved. From the figures, it can be seen that the probability of failure increases linearly 
until a stable maximum probability of failure is reached at about day 40 for all cases, 
typical of the probabilistic model behavior [109], [113], [114]. When comparing the dialy 
accumulated probability of failure rate for each interface condition with respect to patient 
age and activity level, Figure 4.11, it is clearly seen that the rate of accumulation 
increases from loose, fibrous tissue, after surgery, to osseointegrated. Elderly patients 
show a higher rate of probability of failure accumulation for each interface condition as 
shown in Figure 4.12. 
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The maximum probability of failure is shown in Figure 4.13 and Figure 4.14 for 
young and elderly patients, respectively. For young patients with a normal lifestyle, the 
maximum probability of failure is 0.5, 0.5, 0.6, and 1.3 for after surgery, osseointegrated, 
fibrous tissue, and loose interface conditions respectively. Young patients with active 
lifestyle see a maximum probability of failure of 2, 1.9, 2.4, and 3.8 for the respective 
interface condition. Maximum probability of failure of 13.4, 12.8, 16.6, and 28.2 is seen 
for elderly patients with the normal lifestyle for the respective interface conditions. While 
Elderly patients with active lifestyle see a maximum probability of failure 39.7, 38.5, 
44.6, and 57.9 for the respective interface conditions.  
 
Figure 4.11 Daily accumulated probability of failure (a) Normal young patients (b) 





Figure 4.12 Daily accumulated probability of failure (a) after surgery (b) 








Figure 4.13 Maximum probability of fracture for young patients, normal and active (a) 





Figure 4.14 Maximum probability of fracture for elderly patients, normal and active (a) 






The success of THR in restoring normal hip joint functionality to patients crippled 
by arthritis [2], fracture of the femoral neck [3], or other ailments such as osteonecrosis 
[4] have ensured its increased usage. Post-operative femoral fractures are of concern in 
patients with THR. These fractures could occur as a result of overload from a fall or 
accident. Also, spontaneous fractures have been observed to occur from undertaking in 
activities of daily living. These spontaneous fractures we hypothesized to be because of 
fatigue fracture of the bone and the debilitating interface condition which lead to 
increased stress on the femur. With the use of a probabilistic fatigue failure model of 
bone [109], this study has shown the risk of failure for younger and elderly patients; 
normal and active lifestyle; after surgery, osseointegrated, fibrous tissue covering, and 
loose bone-implant interface conditions. This study has shown that osseointegrated 
fixation is the most favorable in minimizing femoral fracture. And that decrease in 
interfacial friction from fibrous tissue encapsulation or loose stem with little to no 
traction at the interface as a result of contact with blood, marrow, or other non-
mineralized tissues increases the probability of femoral fracture. 
Some limitations are present in this study. Variability in bone structure, the effect 
of surgical procedure, and implant type were not accounted for. Although 100% contact 
was assumed between the bone and implant in this study, cadaveric studies have shown 
that only about 43% [117] to 60% [118] of the bone-implant interface are actually in 
contact. The assumptions made were necessary to focus the attention on the effect of 
interfacial conditions on stress transferred to the femur and consequently probability of 
failure. Further study is needed to understand the effect of gaps on the interface and their 
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location on the probability of failure. Limitations also exist in the model used to analysis 
the probability of failure as it only gives the probability of an element in the meshed 
femur failing. Since the average element size is about 3mm, the model tells the 
probability of a 3mm crack occurring in the femur. Whether or not the crack propagates 
and results in a catastrophic fracture or it is healed cannot be inferred. Finally, no muscle 
forces were simulated in stair descending, standing up, sitting down, and standing on one 
leg activities due to lack of data. This could result in an unbalanced loading on the femur 
but gives a baseline for the study. 
Results of this study clearly show that with decreased friction at the interface the 
stress on the bone increases, consequently the probability of failure. The percent increase 
in the maximum von Mises stress on an osseointegrated to loose femur are substantial. 
94%, 61%, 338%, 440% 342%, and 342% increase is seen for walking, going up stairs, 
going down stairs, standing up, sitting down, and standing on one leg respectively. This 
observation is in line with Kang et al. [119] who noticed that decrease in friction at the 
interface increased the stress on a sampled node at the calcar region of the femur. 
The increase in stress in more pronounced on the proximal region of the femur, as 
seen in Figure 4.1 to Figure 4.6. The increase in stress is as a result of an increase in 
contact pressure pushing on the interface as a result of decreased traction from reduced 
friction. Figure 4.15 shows contact pressure on the bone surface (Only walking activity is 
shown to avoid redundancy). The consequence of the increased stress in the femur is an 
increase in the maximum probability of failure which occurs around day 40 of 
performing normal daily activities as simulated in this study. For young patients, the 
probability of failure is less than 4% for all cases. The loose stem in active patients had 
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the highest probability of failure at 3.8%. The lowest was in normal patients at 0.5%. 
While for elderly patients that loose stem in active patients had the highest probability of 
failure at 57.9%. The lowest was in normal patients at 12.8%. 
  
Figure 4.15 Contact pressure on the bone surface for walking activity. (a) after surgery 







Post-operative femoral fractures are among the reasons for revision surgery after 
total hip replacement (THR). These fractures are costly to fix, disabling, and in several 
cases morbid. This research studied the probability of fatigue fracture occurring in the 
femur after THR due to daily activities. Probabaility of fracture was compared between 
young and elderly patients using experimentally determined bone fatigue strength of the 
respective age group. Also, different bone-implant interface condition are achieved after 
THR; after surgery, osseointegrated, fibrous tissue, and loose interface conditions. The 
probability of fracture for each interface condition was analyzed. FEA provided the stress 
distribution in the femur for each interface condition and activity and a probabilistic bone 
stress fracture model [109] was used for the analysis. The results of the study suggested 
that: 
 The highest stress in the femur was for the loose interface condition and the 
lowest stress was for the osseointegrated condition for all activities. Stair climbing 
resulted in the highest stresses for all activities and walking resulted in the lowest 
stress. 
 Risk of fracture in active elderly patients was 1434% higher than in active young 




 Loose implants produced the highest risk of femoral fracture in all patients. 
Osseointegrated implants are favorable in minimizing the risk of fracture in all 
patients. 
Future work should look into the effect of bone adaptation that occurs after THR. 
This adaptation changes the structure of the femur overtime, resulting in bone density 
loss or gain in different regions of the femur. Consequently, the stress distribution and 
probability of failure would then change with time. In the current study, 100% contact 
was assumed between the bone and implant. Cadaveric studies have shown that only 
about 43% [117] to 60% [118] of the bone-implant interface are actually in contact. 
Further study is needed to understand the effect of gaps on the interface and their location 
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Figure A.1 Maximum von Mises stress on the implanted femur as a function of 









%Reading volume and stress values from file 
Volume = dlmread('Element_volume_processed.txt'); 
vonMises_W = dlmread('von_Mises_processed_W.txt'); 
vonMises_GUS = dlmread('von_Mises_processed_GUS.txt'); 
vonMises_GDS = dlmread('von_Mises_processed_GDS.txt'); 
vonMises_SU = dlmread('von_Mises_processed_SU.txt'); 
vonMises_SD = dlmread('von_Mises_processed_SD.txt'); 
vonMises_SO1L = dlmread('von_Mises_processed_SO1L.txt'); 
  
%Defining constants 
%      W    GUS  GDS  SU   SD   SO1L  
Ni = [###; ###; ###; ###; ###; ###]; 
Nt = sum(Ni); 
Vso = ###; 
Stress_ref = ###; 
n = ###; 
m = ###; 
w = m/n; 
Nf_ref = ###; 
  
%Equivalent stress calculation 
equi_vonMises = zeros(size(Volume,1),1); 
for i = 1:1:size(Volume,1) 
    equi_vonMises(i) = (1/Nt*((Ni(1)*vonMises_W(i,2)^n)... 
        +(Ni(2)*vonMises_GUS(i,2)^n)+(Ni(3)*vonMises_GDS(i,2)^n)... 
        +(Ni(4)*vonMises_SU(i,2)^n)+(Ni(5)*vonMises_SD(i,2)^n)... 




t = linspace(0,100,100); 
Pf_per_element = zeros(size(Volume,1),size(t,2)); 
Pnf_per_element = zeros(size(Volume,1),size(t,2)); 
  
for i = 1:1:size(Volume,1) 
    Vs = Volume(i,2); 
    Stress = equi_vonMises(i); 
    tf = Nf_ref*(Stress_ref/Stress)^n/Nt; 
    for j = 1:1:size(t,2) 
        Pf_per_element(i,j) = 1 - exp(-(Vs/Vso)*(t(1,j)/tf)^w); 
        Pnf_per_element(i,j) = 1 - Pf_per_element(i,j); %pf not per element 
    end 
end 
  
%Probability of failure for whole bone 
 
78 
i = linspace(1,size(Volume,1),size(Volume,1)); 
j = linspace(1,size(t,2),size(t,2)); 
Pf(1,j) = 1 - prod(Pnf_per_element,1); 
  
%taking derivative of Pf to find Qf 
Qf = zeros(1,size(t,2)-1); 
for k = 1:1:size(t,2)-1 
    diff_of_Pf = (Pf(1,k+1)-Pf(1,k))/(t(1,k+1)-t(1,k)); 




tr = ###; 
v = ###; 
  
l = linspace(1,size(t,2)-1,size(t,2)-1); %indices for uniformity 
%Probabillity of failure with repair 
Pr = 1-exp(-(t/tr).^v); 
Qfr = Qf.*(1-Pr(l)); 
Pfr = 100*cumtrapz(l,Qfr); %numerical integration of Qfr 
  






output = [x; Pfr];%Printing Pfr out 
fileID = fopen('File_name','w'); 
fprintf(fileID,'%6s %12s\n','t','Pfr'); 
fprintf(fileID,'%12.8f %12.8f\n',output); 
fclose(fileID); 
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